Abstract: Biomimetic formation of extracellular matrix (ECM) like coatings on artificial biomaterials provides a promising route to gain bioactive materials for tissue engineering applications. Organic ECM is also a template for apatite mineralization in bone tissue. This study was aimed at designing a multilayer film containing an ECM-like molecule on biomaterial surfaces to direct apatite mineralization and to develop biomimetic biomaterials for bone tissue engineering. A multilayer film consisting of gelatin and poly(ethylenimine) molecules was formed on a poly(L-lactic acid) substrate via electrostatic self-assembly technique. Bonelike apatite coating was formed on the multilayer film modified poly(L-lactic acid) substrate in simulated body fluids (SBFs). The amount of forming apatite could be controlled by the Ca2+ and HPO4 2-concentrations in SBF and also through the mineralization time. Gelatin terminated multilayer film can induce the apatite formation with a weak orientation in the (002) plane and the apatite is similar in composition to the natural bone. The gelatin multilayer film/apatite composite coating may serve as a promising microenvironment for bone tissue formation and growth.
Introduction
Biodegradable polyesters, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and their copolymer (PLGA), have been widely used in biomedical fields due to their good biodegradability, high mechanical properties and excellent processing properties [1] . However, they do not present a favorable surface for cell attachment and proliferation because of the lack of specific cell-recognizable signals [2, 3] . So a suitable surface modification for these materials is necessary to enhance their biocompatibility. Extracellular matrix (ECM) plays important functions to regulate cellular activities such as cell survival, migration, proliferation, and differentiation [4, 5] . Therefore, engineering ECM into synthetic substrate surfaces to generate biomimetic surfaces is of importance for the development of tissue engineering. Since apatite is one of the primary components of extracellular bone matrix, coating of apatite onto biomaterials have attracted considerable interests for bone tissue engineering. It is also shown that a bone-like apatite layer formation on the surface of substrates is an essential condition for biomaterials to achieve direct bonding to living bone [6] [7] [8] .
Among the methods for apatite coating, biomimetic mineralization is a new method and has attracted increasing attentions since Kokubo T et al first proposed in 1990 [9] . The biomimetic process usually involves immersion of substrates in a simulated body fluid (SBF) with composition similar to that of human blood plasma. By this way, a bone-like apatite layer can be successfully deposited on substrates [10] .
An important step in the biomimetic apatite mineralization process is to control its nucleation. Once the apatite nuclei are formed on substrates, this process is under thermodynamic control. So how to design a substrate with nucleation sites for apatite formation becomes a key challenge. It has been reported that in SBF, negative groups such as hydroxyl groups (-OH), carboxyl groups (-COOH), phosphoric acid groups (-PO 4 H 2 ) and sulfonic groups (-SO 3 H) on substrates could absorb calcium ions and subsequently phosphate ions, and induce apatite nucleation and growth on the surfaces of substrates [11] [12] [13] [14] . Thus, various surface modification methods have been used to introduce negatively charged functional groups to the surface of biomaterials for the biomimetic mineralization, such as plasma surface treatment [15] , alkaline treatment [16] [17] [18] , and photografting technique [19] .
Electrostatic layer-by-layer (LBL) assembly technique offers an alternative way to the surface modification of biomaterials, which is based on an alternating physisorption of oppositely charged polyelectrolytes [20, 21] . Components of ECM such as collagen, hyaluronic acid, fibrinogen and their derivatives have been used to construct multilayer films to improve cell funyction by this method [22] [23] [24] [25] [26] [27] . Biomineralization is a process by which mineral crystals are deposited in an organized fashion in the matrix (either cellular or extracellular) of living organisms. Therefore, a multilayer film containing ECM-like molecules forming on substrates not only could improve cell attachment and growth, but also may provide an organic template for the apatite mineralization and construct an inorganic/organic composite coating that mimicks the bone matrix.
Gelatin, as a partially denatured derivative of collagen, is commonly used for pharmaceutical and medical applications because of its biodegradability [28, 29] and biocompatibility in physiological environments [30] . We have previously constructed gelatin multilayer film on poly(D, L-lactic acid) (PDL-LA) substrate via the electrostatic self assembly technique and its cytocompatibility was greatly improved [31] . As gelatin gained by processing collagen with alkaline is enriched in carboxyl groups (-COOH) on its molecule chain, the gelatin multilayer film on substrate also provide the nucleation sites for apatite biomimetic mineralization. In this work, we studied the apatite forming ability of the gelatin multilayer film modified poly(L-lactic acid) (PLLA) substrate in simulated body fluids and explored to construct extracellular bone matrix-like biomimetic coatings.
Results and discussion

Gelatin multilayers modification of the PLLA substrates
Alternative layer-by-layer deposition of poly(ethylenimine) (PEI) and gelatin was first monitored by contact angle (Figure 1 ). The control PLLA substrate gives a contact angle of 83.3±0.4. The contact angle of adsorbing a layer of PEI is determined to be 73.0±0.3. When the PEI/gelatin bilayer film formed on the PLLA substrate, the contact angle is determined to be 69.6 ±0.5. Following the PEI and gelatin adsorption cycles the contact angle of the film fluctuates periodically. The obvious alternate change of contact angle data verifies the progressive buildup of the film by alternate deposition of PEI and gelatin. 
Spectroscopic analysis of gelatin multilayers modified PLLA substrates
The surface compositions of different substrates were determined by XPS and FTIR-ATR analysis. XPS survey scan spectra of the control PLLA, PEI-activated PLLA and 3(PEI/gelatin) modified PLLA substrates are shown in Figure 2 . improved. In combination, the contact angle and XPS data indicate that the PEI and gelatin were deposited on the PLLA substrate.
ATR-FTIR spectra of the control PLLA, PEI-activated PLLA, and 3 (PEI/gelatin) modified PLLA are shown in Figure 3 . In the results of Figure 3 , the most significant peak of the control PLLA substrate is the band at about 1750 cm -1 . Spectra of the PEI-activated PLLA substrate show a little difference from that of the control PLLA substrate at the band around 1650 cm -1 , which indicates existence of -CONH-group. In the previous study, we found that the PEI and PDL-LA could occur to chemical reaction based on the aminolysis of the ester group [31] . The appearance of "amide I" of -CO-N= bond on the PEI activated PLLA substrate also confirms that amine group on PEI molecule chain occurs due to chemical reaction with the ester group on PLLA molecule chain via the aminolysis. On the spectra of the 3 (PEI/gelatin) multilayer film modified PLLA, the absorption peak intensity of "amide I" shows an increase and a new peak appears at the band about 1546 cm -1 , which corresponds to the "amide II". The results of the static contact angle, XPS and ATR-FTIR measurements all indicate that the gelatin multilayers is deposited on the surface of PLLA membranes.
Biomimetic mineralization of gelatin multilayers modified PLLA in different SBFs
The mineralization ability of gelatin multilayers modified PLLA incubated in different SBFs for 7 days was studied by SEM. As is shown in Figure 4 , a few apatite microparticles with different sizes are observed on the gelatin multilayers modified PLLA membranes after soaking in 1SBF. When the sample was immersed in 2SBF, the surface is almost completely covered with apatite microparticles with different diameters. In 5SBF, the particles grew to a continuous dense layer with bigger particle size on the modified PLLA substrate. However, no micropartcle is observed in the case of unmodified PLLA membrane even immersed in 5SBF for 7 days, which indicates that nucleation was not triggered for 7days on this substrate.
One of the necessary conditions for apatite growth on the surface of substrate is that there should be nucleation sites for apatite formation. The surface of PLLA lacks functional groups which can induce apatite forming, as a result, no apatite was seen In addition, -OH could be expected to show a slight negative charge. Thus, the negative charged-COO -and -OH groups could attract Ca 2+ ions in the solution via electrostatic interaction and the accumulation of Ca 2+ resulted in a higher degree of supersaturation near the gelatin multilayers modified PLLA substrate/m-SBF interfaces. Then heterogeneous nucleation was triggered on the gelatin multilayers modified PLLA substrates. However, the nucleation and growth of apatite on the gelatin multilayers modified PLLA substrate varies with the Ca 2+ and HPO 4 2-concentrations in m-SBF. In a low ionic concentration, the number of nucleation is little and the rate of the mineral growth is also slow, as a result only a few smaller micoparticles are found on the surface (Figure 4 ). In addition, the nucleation could occur during the whole biomimetic mineralization process; therefore, the apatite particles nucleated at different durations have different sizes. For the biomimetic mineralization in 2SBF, the increasing Ca 2+ and HPO 4 2-concentrations obviously improved the mineralization degree of the gelatin multilayers modified PLLA. In a high ionic concentration, the rates of nucleation (number of apatite particle) and growth (size of apatite particle) are both greatly accelerated, thus, a dense layer of large apatite particles forms the substrate after mineralized in 5SBF and some particles are aggregated and fused together.
The effect of incubation time on the mineralization degree of gelatin multilayers
The increasing ionic concentrations in SBFs obviously promote the nucleation and growth of apatite on the gelatin multilayers modified PLLA substrates. To further gain different mineralization degrees of gelatin multilayers modified PLLA substrates; we a b c d investigate the effect of incubation time on the apatite formation in SBF. The 3(PEI/gelatin) modified PLLA substrates were incubated in 5SBF at 37 °C for 1, 3, 5, and 7 days, respectively. The apatite coating could be clearly seen on the films ( Figure 5 ), and it is obvious that its amount increases with the incubation time. Only a few apatite microparticles are observed on the surface of PLLA films after 1 day of incubation even at lower magnification. Scattered particles are observed at 3 days. After 5 days of incubation, there are more particles uniformly dispersed on the substrate. At 7 days, as described in previous section, particles grew to a continuous dense layer. Compared with that mineralization in other two SBFs, the size of apatite granules is larger and more uniform in 5SBF at any incubation time. It is ascribed to the more rapid rate of the apatite growth in the 5SBF. 
Structure and compositions of the resulted apatite
Apatite powders were gently scraped from the gelatin multilayers modified PLLA substrates after 5 days of incubation in 5SBF for the XRD and FTIR analysis. The XRD pattern of apatite is shown in Figure 6 . Several characteristic peaks of apatite can be seen. The two main peaks of (25.9°, 31.8°) are corresponding to the (002) and (211) planes of apatite, respectively. As is reported by chang et al, gelatin in aqueous solution could induce the hydroxyapatite crystal preferred growth orientation in the (002) plane [32] . However, the relative peak intensity of (002) to (211) is low in Figure 6 . This result indicates that the apatite crystal orientation in the (002) plane is weak for the gelatin multilayers modified PLLA substrates. For these systems, the gelatin molecule only can induce orientation for the apatite growth on the interface between the multilayer film and SBF and the induced orientation is weak during the whole mineralization process, as a result the apatite forming on the gelatin multilayers modified PLLA substrates only appears as a weak orientation in the (002) plane.
a b c d FTIR spectroscopy is used to gain additional information on the chemical structure of the minerals. As is shown in Figure 7 , strong absorptions at 1044 cm -1 and weak absorptions at 958 cm -1 are observed, which refer to ν 3 asymmetrical and ν 1 symmetrical of P-O stretching, respectively. Well-resolved peaks at 563 cm , respectively. A broad band at around 3479 cm -1 was due to OH-stretching vibration. FTIR spectrum reveals that the apatite contains OH-, PO 4 3-and CO 3 2-functional groups. Fig. 7 . FTIR spectra of the apatite powder obtained from gelatin multilayers modified PLLA after incubation in 5SBF for 5 days.
From the above analysis, it is suggested that the mineral forming on the gelatin multilayers modified PLLA substrate in SBF is carbonated apatite, which has similar composition as that of the natural apatite in human and animal hard tissues [33] . It should be noted here that the multilayer film formed by the electrostatic selfassembly method can almost apply to any samples with any geometry shapes. Therefore, the extracellular matrix-like molecule multilayers/apatite composite coating also can form on any other biomaterials.
Conclusions
Gelatin multilayers were formed on PLLA substrate via alternative electrostatic selfassembly of PEI and gelatin molecules. The multilayer films were then used as templates to induce biomimetic apatite mineralization. Bonelike apatite particles were formed on the gelatin multilayers modified PLLA substrates after 7 days immersion in different SBFs. But the nucleation and growth of apatite on the gelatin multilayers modified PLLA substrates is greatly affected by the ionic concentrations in the simulated body fluids. The increasing Ca 2+ and HPO 4 2-concentrations obviously promote the rates of nucleation and growth of apatite. However, no apatite is found on the unmodified PLLA membranes even immersed in 5SBF for 7days. The growth of apatite also could be controlled by the incubation time. The apatite formed on the gelatin multilayers modified PLLA shows a degree of (002) orientation and is carbonated apatite with similar composition to natural bone. The extracellular matrixlike molecule multilayer film/bonelike apatite composite coating mimics the mineralized bone matrix and is expected to be of useful for bone tissue engineering.
Experimental part
Materials
PLLA (M w =220,000, MWD=1.8) was synthesized using ring-opening polymerization of L-lactide in our laboratory. Poly(ethylenimine) (PEI) (M w = 25,000) and gelatin type B were purchased from Sigma-Aldrich Chemical Company. All the analytic grade chemicals for preparing supersaturated SBF were purchased from the National Chemical Company of China.
Preparation of PLLA membrane
PLLA membranes were prepared by a solution-casting/solvent evaporation method. Briefly, PLLA (0.7 g) was dissolved in chloroform (10 mL) to form uniform solution, and then the solution was cast onto a Teflon mold with diameter 5 cm. After solvent evaporation in a fume hood at room temperature for 24 h, the membranes were dried under vacuum for another 24 h and then removed from the mold.
Gelatin multilayer film formation on PLLA membrane
PLLA membranes were dipped into a 1 mg/mL PEI solution, pH=7.4 for 3 h to obtain a stable positively charged surface. Then the membranes were washed with deionized water repeatedly. The PEI-activated membranes were firstly immersed in a 1 mg/ml gelatin solution, pH=7.4, for 15 min, following rinse with pure water and then the sample was dipped into1 mg/ml PEI solution, pH=7.4 for 15 min, following rinse with pure water. This circle was repeated to obtain a number of layers on substrate. The membranes were then dried with a stream of N 2 .
Preparation of supersaturated SBFs
Different SBFs (m-SBF) were prepared by dissolving reagent grade salts of NaCl, NaHCO 3 
Biomimetic mineralization
The modified PLLA membrane and control membrane were soaked in 200 mL m-SBF in plastic bottles. The temperature of m-SBF was kept at 37 0 C. The m-SBF was renewed every day. After soaking for a given period, the membranes were removed from m-SBF, washed carefully with deionized water, and dried with a stream of N 2 .
Characterization
Static water contact angle was measured at room temperature on an image analyzing system (OCA, Dataphysics) using a sessile drop technique. Each determination was obtained by averaging the results of at least eight droplets placed at different positions on the sample surface. X-ray photoelectron spectroscopy (XPS) analysis was carried out on PHI-5000C ESCA system (Perkin Elmer) with Mg K radiation. The photoelectron take-off angle was set at 45 . Fourier transform infrared spectroscopy in attenuated total reflection mode (ATR-FTIR) spectra was obtained on an EQUINOX 55 spectrometer.
The morphology of apatite formed on PLLA membranes was viewed under scanning electron microscopy (SEM, Hitachi S-2360N) after being coated with gold. The apatite coatings were carefully scratched from the surface of substrate; then, the crystal structure of the coating was studied by X-ray diffractometer (XRD) (D/max2550VB3+/PC, Rigaku International Corporation) and the chemical structure was analyzed with Fourier transform infrared spectroscopy (FTIR) spectra recorded on an EQUINOX 55 spectrometer at a range of 400-4000 cm-1.
